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The surface state extension of the shallow donor 
theory is reviewed. The surface state theory and its 
applications to F-centers of alkali halides is 
ii 
presented. Experimental infrared data show an absorption 
which seems to correspond with the ground state to first 
excited state transition. Surface state concentrations 
of F-centers as a function of depth into the crystal are 
given. The ratio of surface to bulk cross sections in 
KBr and experimental calculations of effective masses in 
various alkali halides are in excellent agreement with 
theory. The theoretical cross sections are derived from 
transition probabilities. However, lack of excited 
states, the apprearance of a side band at slightly 
higher energy and the angular polarization measurements 
of absorption cannot be supported by surface state theory 
and alternate explanations involving thin films of alkali 
halides are presented. 
The surface bands do not appear if the alkali halides 
are irradiated under vacuum. The bands can only be formed 
if atmospheric gases are present. It is found that only 
irradiation of the gas near the surface of the alkali 
halide is necessary to form the surface bands and that 
these bands are independent of color center formation. 
The band with the largest absorbance, the main band, 
appears approximately at 1370 cm- 1 • The small side band 
appears at approximately 1440 cm- 1 • 
A model with the bands as the longitudinal-optic 
and transverse-optic infrared modes associated with 
thin films of alkali halides is presented. Angular 
polarization results agree fairly well for the main 
band but contradicted the theory for the side band. 
A model with adsorbed molecules on the surface is 
presented but fails to give quantitative agreement with 
the angular polarization dependence observed. However, 
it does give reasonable values for the refractive 
index of the thin film. 
A model of an absorbing thin film on a transparent 
iii 
substrate is presented. This model explains the angular 
polarization dependence of the absorption as a function 
of incident angle very accurately. It also yields 
reasonable values for the index of refraction of the 
thin film, film thickness and absorption coefficient. 
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I. INTRODUCTION 
The important field of micro-electronics is very 
dependent on surface effects, since the devices generated 
from micro-electronics have a relatively large surface 
1 
to volume ratio. However, the study of surfaces, 
especially the electronic phenomena associated with the 
surface, is exceptionally complex, and hence is generally 
dealt with by indirect methods. Bulk parameters in 
solids, and particularly in alkali halides, have been 
studied in depth both theoretically and experimentally. 
One of the best methods of studying the surface properties 
of solids is to use the knowledge gleaned from the study 
of bulk parameters and phenomena and extend it to the 
surface. 
There are three approaches taken in this work to 
study the properties of solid surfaces. Although the 
presentation is exploratory in nature, quantitative 
results and qualitative ideas will be presented in each 
of the following categories: surface states of color 
centers in alkali halides; dielectric properties of thin 
films with their longitudinal-optic and transverse-optic 
phonon absorptions in the infrared; and adsorbed 
molecules on the surface. 
A. Surface Color Centers 
Alkali halides are of interest for surface studies 
since their crystal structure is exceedingly simple 
from the stand point of both lattice and electronic 
systems. Still further, alkali halides exhibit a large 
number of physical and chemical properties that are 
strongly dependent on the principal crystalline 
imperfections, namely excitons, electrons and holes, 
dislocations, impurity atoms, and vacant lattice sites. 
The latter imperfection has been of considerable interest 
to physicists in the last fifty years under the general 
heading of "color centers" of alkali halides. 
Since some color centers are mathematically similar 
to shallow donors in semiconductors, (l) information on 
the surface properties of phonons, dielectric constants, 
effective masses, and image charge effects may be 
obtained by the examination of the excitation of surface 
color centers in alkali halides, such as F-centers in 
potassium bromide. In a donor state an electron is 
localized around an impurity atom from which it can be 
released into the conduction band with a rather small 
expenditure of energy. An F-center is an electron 
trapped at a negative ion vacancy. The similarity can be 
seen if the negative ion vacancy is considered as the 
impurity atom and the trapped electron as the localized 
electron of the donor. 
There are major differences between the shallow 
donor problem and color centers. In the shallow donor 
2 
theory an ionized impurity atom polarizes the local 
lattice but at large distances it produces an electro-
static potential 
v = e Er (1-1) 
where E is the dielectric constant of the host crystal. 
For shallow states, the electron orbits are of the order 
0 
of 20 A in radius (as in silicon), and binding energies 
are between 30 and 100 meV. Such states may be described 
by the Schrodinger equation 
b 2 e 2 + + 
-< 2m*V - Er) ~(r) = E~(r) (1-2) 
where rn* is an appropriate effective mass. As the orbit 
increases the accuracy of Eq. (1-2) increases. Then the 
contribution to the potential near the impurity atom, 
where Eq. (1-2) does not hold, may be neglected. Thus, 
the potential is essentially of a coulornbic character so 
that the impurity states are closely allied to the well 
known hydrogenic states. For the color centers, the 
energy levels are much deeper. Therefore, the effective 
Bohr radius, a*, of the trapped electron in the ground 
state orbit which is given by 




extends over a much smaller region of space, -10 A in 
radius. In this expression ao is the usual Bohr radius, 
3 
and me is the free electron mass. Hence, the hydrogenic 
approach to color centers is not as good as it is for 
shallow donors which implies that the effective mass 
approximation may be inadequate. The small spatial 
limitation of the trapped electron's orbit in color 
centers brings up the problem of central cell corrections, 
and the color center then becomes a much more sensitive 
test of any central cell correction theory. Finally, 
lattice polarization (polaron) effects are of prime 
importance in ionic crystals and, if possible, should be 
taken into account. 
4 
A recent paper by Bennett( 2 ) gives a good perspective 
of the F-center in the bulk. He studied the states of the 
F-center based on the models which treat the movement of 
the nearest neighbors to the F-center and the F-electron 
in a self-consistent manner. He also presented ideas 
which would be useful for the surface color center. 
B. Thin Films 
The study of thin films and their dielectric 
properties has been of some importance in the development 
of surface science. The amplitude and state of 
polarization of a light beam reflected at or transmitted 
by a thin, uniform, parallel-sided film are easily 
obtained in terms of the optical constants and thickness 
of the film and of the angle of incidence of the light 
beam. The results may conveniently be expressed in terms 
of the coefficients of reflection and transmission at 
the boundaries between the three regions of space 
concerned. In the case of nonabsorbing media, simple 
explicit expressions in terms of the refractive indices 
result. For absorbing media, some algebraic difficulty 
is encountered. Simplifications may be allowed in 
certain cases, e.g., those in which the absorption of 
the film may be ignored. In any case, the theory of thin 
films is an excellent method of obtaining information 
5 
about the film itself and the substrate. It has also been 
shown( 3 ) that the thin film is an accurate method of 
finding the long wavelength longitudinal-optic (LO) mode 
as well as the transverse-optic (TO) mode of cubic 
crystals. Determination of the LO and TO modes will 
be discussed further in the experimental section. 
c. Adsorbed Molecules 
The field of adsorbed molecules is quite extensive. 
However, the theories used in the field are really not 
applicable to the problem treated here. A basic 
classical approach will be discussed and the results 
compared to the data found in this study. 
II. HISTORICAL SURVEY 
A. Surface States 
In 1932, Tamm( 4 ) first showed that if a periodic 
square-well potential such as that associated with the 
Kronig-Penny crystal model were terminated on one side 
by a surface potential barrier such as that illustrated 
in Fig. (2-1), there would be (in addition to the usual 
allowed energy bands of the Kronig-Penny model) discrete 
allowed levels within the forbidden energy regions 
corresponding to wave functions which are localized near 
6 
the surface. These surface levels were studied in greater 
detail in later articles by Shockley(S) and Koutechy. (6 ) 
The latter author in his review article extended Tamm's 
model to include more general cases, both one- and three-
dimensional. According to the calculations of these 
authors, there should be one surface state for each 
surface atom. In addition to this, localized surface 
levels, discrete or continuously distributed, may be 
expected to arise from oxide layers, structural 
imperfections, and impurity atoms at the surface. The 
latter eventually lead to surface shallow donor theory. 
In 1965, Levine(?} presented an extension of the 
well-known quantum-mechanical theory of a shallow donor 
atom located within a semiconductor. Levine's 
assumptions are essentially that the ion is exactly at 
the clean surface, that the Bloch functions can be used 
7 
FIGURE (2-l)a 
KRONIG-PENNY MODEL EMPLOYED BY TAMM 
REPRESENTING THE POTENTIAL ENERGY OF AN 
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to the surface, and that the work function is infinite 
compared to the ionization energy of the impurity. See 
Fig. (2-2). The important results of Levine's work are 
that a state cannot exist unless the hydrogenic quantum 
numbers obey l + m = odd integer, and that both l and m 
must change by ± 1 in an electromagnetic transition. 
Thus for the case of the impurity atom at the semi-
conductor surface, one finds that the ground state 
becomes the 2P0 level and that no S-levels can exist. In 
addition, the first states to which a transition may be 
observed in absorption are the 3D± 1 and the 4D+ 1 states. 
Levine(?) also showed that radiative dipole transitions 
between excited donor states are allowed, subject to the 
restriction 6! = ± 1, 6m = ± 1, corresponding to light 
polarized in the surface plane. Transitions for 
6l = ± 1, bm = 0, corresponding to light polarized 
perpendicular to the surface plane are forbidden. 
In 1967, Bell, et al., (B) performed a variational 
calculation on a trial wave function which gave shallow 
donor D+ level values for silicon and germanium. They 
- 1 
extended the calculations of eigenvalues for the P and 0 
P levels for the case when the impurity atom is in the 
±1 
bulk of the crystal. For a 2P state using Levine's(?) 0 
theory, the relative transition probabilities were found 
for the bulk and the surface ion problem. Also in 1967 
Petukhov, et al., (9 ) corrected Levine's earlier work by 
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ll 
excess electron. Because of the dielectric discontinuity 
of the surface, the potential due to the impurity center 
is e 2/r reduced by the average of the exterior and 
interior dielectric constants rather than just the 
interior dielectric constant. 
However, Petukhov( 9 ) made an error in the image 
potential and also did not solve the exact Hamiltonian 
but rather obtained a solution to an approximate 
hydrogenic Hamiltonian and then used first order 
perturbation theory to account for the image potential. 
Schechter, (lO) in 1967 discussed these problems and 
calculated the eigenvalues of shallow impurity states of 
silicon. He correctly gave the potential energy 
including the effects of image charges on both the ion 
and the electron and assumed an isotropic trial function 
normalized in the + z plane. 
Schechter, et al.,(ll) in 1968, extended the 
variational calculation to germanium and recalculated 
the eigenvalues for silicon using an anisotropic electron 
effective mass. 
Tefft, et al., (l 2 , 13 ) did a variational calculation 
of surface impurity states using a Hamiltonian containing 
both the image charge potential correctly obtained by 
Schechter(lO) and the anisotropic effective mass used by 
Bell, et al.,(B) The calculations were performed using 
two sets of orthogonal functions. General expressions for 
12 
the energy eigenvalues for both the bulk and surface 
problem obtained from the first set of functions were 
presented, and numerical results for silicon and germanium 
were given for each set of trial functions. 
Esaki, et al., (l9 ) have been studying surface states 
in lead telluride under aluminum oxide metal layers by 
tunnel spectroscopy techniques. (lS) They showed that 
there are deep centers (48 level at -100 meV) in the 
neighborhood of the lead telluride surface. They also 
found that the energies of the major levels might go as 
-ljn 2 , n~3. These hydrogenic states are extremely sharp 
with about one millivolt width. Since the energy levels 
disappear without lead telluride, they ascertained that 
the levels were not due to the aluminum oxide layer. 
(However, this still does not preclude the possibility 
of the PbTe forming an oxide with the Al 2 0 3 layer. Order 
of magnitude values for the index of refraction of such 
a compound give effective masses which are reasonable.) 
To explain their data, Esaki, et al., suggest that a 
number of complex clusters of centers (made up of Pb as 
well as Te vacancies), as in alkali halides, exist at 
the surface of the PbTe. This work contains a valuable 
set of experiments, especially since Zeeman studies were 
included, but much further examination is warranted over 
wide energy (wave-number or voltage) ranges with better 
resolution. 
. (12) Est~mates based on work by Tefft, et al., using 
the isotropic effective mass approximation have produced 
values of 0.2 ev and 2.0 ev for the ionization energy 
of surface and bulk F-centers in KBr, respectively. One 
must keep in mind that the image charge potential 
introduces anisotropy into the problem, and therefore 
the use of isotropic wave functions is not as accurate 
as the anisotropic formulation. One expects, therefore, 
that the calculated binding energy mentioned above is 
13 
less than the true value. However, part of the larger 
difference (relative to Si and Ge(l2 )) between calculated 
bulk and surface state binding energies is real. This is 
due to the fact that in Si and Ge the surface state 
energies depend on the orientation of the effective mass 
ellipsoid relative to the surface, and published values 
were for the orientation giving the greatest binding 
energy. (l 3 ) A critical experimental feature is the 
method of producing F-centers. Studies(lG) of radiation 
effects in solids have yielded an absolute spectral 
distribution for 50 kV commercial tungsten X-ray tubes. 
This information is applied to deduce precision depth-
dose profiles and relative F-center distribution 
throughout the solid. 
B. Thin Films 
The subject of thin films has been of tremendous 
interest to many people and exhaustive treatments of the 
14 
physics of thin films may be found in investigations of 
(17) (18) . F. Abeles and 0. S. Heavens. Of part1cular 
interest to this work is the study of dielectric properties 
of thin films by measuring the transmittance of infrared 
radiation near the resonant frequency of polar transverse-
and polar longitudinal-optic vibrational modes. It was 
assumed that absorption measurements in cubic ionic 
crystals gave peaks only at frequencies of long wavelength 
transverse-optic phonons. It has been demonstrated(lg, 20 ) 
theoretically that transverse electromagnetic waves 
cannot interact with longitudinal phonons in an infinite 
crystal. Berreman(J) has shown that there is coupling 
to longitudinal phonons for very thin films if the 
boundary conditions are taken into account and the 
radiation beam is incident at an oblique angle. The 
theory and its application to the surface state problem 
will be discussed later. 
III. PRELIMINARY CALCULATIONS 
A. Eigenvalue Determination 
Since potassium bromide is not known to have an 
anisotropic effective mass, the theoretical development 
(12) 
of Tefft, et al., was utilized to calculate the 
allowed energy levels for F-center surface states. The 
eigenvalues for surface states (£ + m = odd) are given 
by 
Enlm = 
- (a - SC ) 2 lm 
where mt and m1 are respectively the transverse and 
longitudinal effective masses, 
and 
a = 
e 2 (e: - 1) 
s = 2e: (e: + 1) 
2 ( £ 2 - m2 ) + 2£ - 1 
= (2£ - 1) (2£ + 3) 







Since, in this case, it is assumed that mt = m1 , the 
energy eigenvalues reduce to 
16 
En.R..m = 
- (a - SC ) 2 
.tm ( 3-6) 
where m* is now the isotropic effective mass. The 
Hamiltonian used to obtain the energy eigenvalues in 
Eq. (3-1) is given by 
H = (3-7) 
or for the isotropic case 
( 3-8) 
It is assumed that the z-direction is normal to the 
surface. The potential energy terms in Eq. (3-8) were 
derived by Schechter. (lO) The first term is the potential 
due to the ion on the surface plus its image, while the 
second term is the repulsion due to the electron image 
charge. The boundary condition ~(x, y, o) = 0 may be 
satisfied identically by choosing those angular momentum 
eigenfunctions having an odd value of £. + m. In 
particular, no S-states are allowed in the surface state 
problem, so the ground state becomes the 2P . 
0 
To determine which dielectric constant to use in 
Eq. (3-6), the simple hydrogenic eigenvalue equation 
= 




was employed for a rough estimate of m*/m (where m is 
e e 
the electron mass) assuming an F-center absorption energy 
of 2.0 ev. (2 l) For the static dielectric constant value 
of Eo = 4.90 in potassium bromide, ( 22 ) Eq. (3-9) gives a 
value of m*/me = 3.36 which is highly improbable. Using 
the high frequency dielectric constants = n 2 = 2.34( 22 ) 
oo r 
it is found that m*/m = 0.81 which is not unreasonable 
e 
when compared to the value of m*/m = 0.34 theoretically 
e 
estimated by Ahrenkiel and Brown. <23 ) Figs. (3-1) to 
{3-3) show how the energy eigenvalues and transition 
energies vary with the effective mass. Note that if 
surface states of alkali halides do exist and correspond 
to one of the energy schemes above, then the theory 
outlined is an excellent method of determining the 
effective masses of most alkali halides. These values 
may also be checked by Zeeman experiments in very large 
magnetic fields (-70 kilogauss). 
B. Transition Probabilities and Cross Sections 
Since polarization studies will be of some 
importance,{?) the electric field vector is separated 
into n - polarization (electric vector parallel to the 
plane of incidence) and a - polarization (electric vector 
perpendicular to the plane of incidence) components and 
-+ 
each are treated individually. The electric vector E may 
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The transition probabilities may be calculated from the 
hydrogenic wave functions as given in Pauling and 
Wilson. (24 ) The matrix elements are <lleE·~I2>, hence 
-+ -+ E •r = E 7T 7T X + E y + E 7T 7T z (3-11) 
X y z 
and 
(3-12) 
There is no contribution from Ecr since for both the bulk 
z 
-+ 
and surface problem, there is no projection of Ecr along 
the z-axis. Referring to Fig. (3-4), Eqs. (3-11) and 
(3-12) may be written as 
-+ -+ E ·r =E [cos8'cos¢'rsin8cos¢ + cos8'7Tsin¢7Trsin8cos¢ 7T 7T 7T 7T 
and 
+ sin8'rcos8] 7T (3-13) 
(3-14) 
Only the ground state to the first excited states will 
be given, both for the bulk and the surface. 
1. Bulk Transitions. 
The transitions from the ground state to the first 
excited states in the bulk are between <lOO!eE·~I210> and 
<lOO!eE·~I21±1> where 1210>+~ 210 , as in the notation of 
Pauling and Wilson. ( 24 ) For 7T - polarization, the only 
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<lOOjeE zj210> = (0.6712)eE sine' ba (3-15) Tiz n n, ob 
where the subscript b indicates the bulk value. The 
transition to the j21±1> state in then -polarization 
gives a contribution only in the x- and y-directions 
yielding 
<lOOje(E + E ) ·~121±1> 
Tix ny 
(3-16) 
For cr - polarization, the only contribution comes from the 
transition to the j21±1> state and is equal to the value 
given in Eq. (3-16). 
2. Surface Transitions. 
In the surface problem for n - polarization the only 
contributions come from the x- and y-components and are 
<210jeE .-;132±1> = (0.2044)eE ei<P'cose' aos (3-17) 
n n n,s 
while the cr - polarization gives the same as Eq. (3-17). 
Two points to keep in mind when evaluating the above 
integrals are that for the bulk case the angle e has the 
range 0 < e <n, ( 8 ) and in the surface problem e is restricted 
to ;<e<n. Also, for the half space normalization, the 
wave functions are multiplied by /2. Recall that the 
transition probability is proportional to the square of 
the matrix elements and that the cross section is 
24 
proportional to the transition probability. Then the 
ratio of cross sections for the surface and bulk problems 
considered at normal incidence, e• = 0, between the ground 
state and the first excited state is given by 
0 
(a:>w,crle• = o = 0.1506 (3-18) 
It had been previously pointed out that Bell, et al. ( 8 ) 
had calculated the relative transition probabilities for 
the bulk and the surface ion problem. However, they used 
an anisotropic effective mass formulation in arriving at 
their transition probabilities. Using their anisotropic 
To compare the 
anisotropic with isotropic shallow donor theory for alkali 
halides one must first find reasonable values for the 
effective Bohr radii a and a b" The equation for the OS 0 
average distance of the electron from the nucleus, rn~' 
in the hydrogenic solution is given by 
-rn~ (3-19) 
This expression gives the bulk value, a 0 b. The surface 
radial equation given by Levine( 7 ) is 
This gives a • OS 
Eq. (3-18) gives 
(3-20) 
Thus, the ratio of cross sections from 
25 
(3-21) 
Hence, even though the ratio of the cross sections in 
Eq. (3-21) for alkali halides has been found using an 
isotropic effective mass, the ratio is very close to 
that found by an anisotropic effective mass formulation 
for silicon. 
The radius used in Eq. (3-21) was averaged between 
the 2P and 3D+l states. 
0 -
It is very interesting to 
study the results of Levine's radial equation in more 
detail. For the surface state problem, the ground state 
is the 2P , hence Eq. (3-20) gives 
0 
- 0 
r21 = 17.2 A (3-22) 
where £ = 2.34 and m* = 0.34. The first excited state, 
the 3D±l level, has a radius of 
0 
:r32 = 36.1 A. (3-23) 
That is an approximate 50% increase in effective electron 
radius between the ground and first excited states. Bell, 
et al. (B) show that silicon, for the anisotropic effective 
mass theory, also has an increase in the radii of 50% 
between the ground state (lS) and the first excited state 
( 2P ) . 
0 
Since the mean radii for the surface states are 
so large, the use of the shallow donor theory for color 
centers is strengthened considerably. That is, the large 
radii, coupled with the fact that the wave function 
vanishes at the potential core, shows that the energy 
levels are insensitive to a local non-coulombic 
potential caused by the core itself. 
26 
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IV. EXPERIMENTAL EQUIPMENT 
A. X-Ray Apparatus 
l. X-Ray Source. 
The x-ray source for this study is a General Electric 
type EA-75 tungsten target x-ray tube. The unit is 
operated with the anode grounded. A water cooling 
jacket built into the tube permits generous continuous 
duty ratings. The x-ray tube has a projected focal spot 
which is 5 mm square. The face of the tungsten target is 
at an angle of 22.5°. See Fig. (4-1) for experimental 
geometry. 
2. X-Ray Power Supply. 
The x-ray tube is driven by a Universal Voltronics 
Corp. model BAL-75-50-UM constant voltage power supply 
with a ripple specification of 0.1% rms. Direct current 
regulation is 0.1% over a range of 10-50 milli-amperes. 
B. Spectrophotometers 
A Cary model 14 spectrophotometer was used to obtain 
the visible and near infrared absorption spectra of the 
alkali halides of interest. The absorption data enabled 
the calculation of F-center density. The spectral range 
0 
was 3.3 x 10~ - 33.3 x 10~ cm- 1 (3000-30,000 A). 
A Perkin-Elmer model 337 spectrophotometer was 
28 
FIGURE (4-1) 
TOP VIEW OF EXPERIMENTAL GEOMETRY. 
(A) Tungsten target with 5 mm projected 
focal spot, (B) X-Ray tube window of 
0.030 inches beryllium, (C) Attenuator 
chamber, (D) Lead baffles of -1/16 
inch thickness with diameters specified 
by indicated solid angle, {E) Baffle 
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utilized for fast, quantitative investigations of the 
absorption spectra of the alkali halides in the infrared 
region at room and low temperatures (20 K). Its range 
was 4000-400 cm- 1 • 
29 
The versatile Beckman IR-12 spectrophotometer was 
used for quantitative spectral measurements on the alkali 
halides and especially in vacuum studies where an intense 
source was necessary to overcome beam losses due to 
polarizers, beam attenuators and absorbing vacuum plates. 
C. Cryo-Tip 
An Air Products and Chemicals, Inc., Cryo-Tip 
refrigerator was used to cool the alkali halide crystals. 
The cryostat (model WMX-1) contained a vacuum shroud and 
radiation shield with a heat exchanger (model AC-2-110), 
all of which was regulated with the control panel (model 
OC-22). See Fig. (4-2). The Cryo-Tip depends on the 
Joule-Thomson cycle as its method for achieving 
refrigeration. Advantages are that no moving parts are 
required in the refrigeration process and that the 
temperature control is possible to ± 2 K with nitrogen 
and hydrogen pressure regulation. The temperature 
range was 21 -300 K. 
D. Silver Bromide Polarizer 
The polarizer used was a silver bromide substrate wire 
grid polarizer element made by Perkin-Elmer Corp. 
30 
FIGURE (4-2) 
SCHEMATIC DIAGRAM OF CRYO-TIP COOLING 
SYSTEM. 
EXHAUST VENT 
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(model 186-0240). It consists of a gold wire grid, vapor 
deposited on a substrate of silver bromide cemented into a 
Delrin ring with an epoxy adhesive. The spectral range 
was 4000-400 cm- 1 • The notch on the Delrin ring (see 
Fig. 4-3) indicates the direction of the electric vector 
of the polarized light passed by the polarizer element. 
For the polarization studies in this work the polarizer 
was placed as close to the sample as possible; generally 
this was at the entrance slit of the sample beam. To 
test the quality of the polarizer, the polarization ratio, 
P, was determined. The polarization ratio is defined as 
( 4-1) 
where I 11 and I .l. are respectively the intensities (or 
equivalently, transmittances) of the parallel and perpen-
dicularly polarized beam allowed to pass through the 
polarizer. The AgBr polarizer was placed in the Beckman 
IR-12 with a polyethylene substrate polarizer (recently 
checked) at 0° and 90° with respect to their polarizing 
axes. The data in Fig. (4-4) was obtained at A= 20~m. 
Using Eq. (4-1), the polarization or effeciency of the 
AgBr polarizer was found to be 96%. 
To minimize transmission fluctuations due to the 
polarizing effects of prisms and especially of gratings 
in the spectrometers, the polarizer must be oriented at 
an angle of 45° with respect to the slits {whenever the 
32 
FIGURE ( 4-3) 




















POLARIZER EFFICIENCY. The transmittance 
is recorded for 12 min. at a wavelength 
of 20 ~m. The angle ~ = 0° indicates the 
polarizers have their grids parallel, while 
~ = 90° indicates their grids are 
perpendicular to each other. Since each 
polarizer reflects -so% of the beam, an 
attenuator was placed in the reference 























































































nature of the sample allows this orientation). 
E. Sample Holders 
Because of the 45° polarizing angle for the AgBr 
polarizer, a sample holder had to be constructed so that 
the sample would rotate about an axis perpendicular to 
the incoming radiation and that the sample axis would be 
parallel to the electric vector for rr - polarization. A 
variable iris or sample beam attenuator was constructed 
to vary the beam size so that at large angles of the 
sample, the beam would not escape past the sample 
periphery and thus give false readings. See Fig. (4-5). 
The angular graduations on the holder were every 5°. 
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To conduct vacuum studies or controlled environmental 
studies, another holder was constructed out of aluminum. 
See Fig. (4-6). The sample chamber was leak tested on 
a Veeco MS-12 helium leak detector and found to hold a 
vacuum better than 7 x 10- 7 torr. The windows for the 
infrared studies were BaF2 blanks of optical grade from 
Harshaw Chemical Co. which were polished. The BaF2 
windows were chosen because of their high transmittance 
and for their insolubility even in a humid (>40% 
humidity) environment. 
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FIGURE ( 4-5) 
ATTENUATED SAMPLE HOLDER. (A) is 






ENVIRONMENTAL SAMPLE CHAMBER. (A) is 
the beryllium window for x-rays, (B) is 
the infrared window, (C) is the angular 




V. SURFACE STATES IN ALKALI HALIDES 
A. Sample Preparation 
Blank crystals of KBr, NaCl, CsBr, KCl and KI were 
polished using standard techniques. All crystals used 
were of optical grade and were purchased from the Harshaw 
Chemical Company. Those samples which were irradiated 
in air are characterized by an environment of 296 ± 2K 
and a humidity of 49 ± 5%. This was maintained by the 
building's air conditioning system. 
1. Samples KBr 4-1, 8-1, 12-1, 16.5-1, 24-1, 32.5-1. 
This series is labeled by indicating irradiation 
time in hours (the first number) and the sequential 
order of the sample prepared with the same irradiation 
time (second number). The samples were irradiated in air 
at room temperatures for the indicated times at 50 
kilovolts and 40 milliamperes. Immediately after 
irradiation, an infrared spectrum was obtained followed 
by an optical absorption spectrum in a Cary-14 spectro-
photometer. 
2. Sample KBr 24+3. 
This sample was the KBr 24-1 sample which was 
slightly polished and then irradiated again for three 
additional hours under the same conditions as before. 
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3. Samples NaCl 16-1, CsBr 16-1, KCl 21-1, and 
KI 24-1. 
These samples were polished as explained above and 
irradiated under the same conditions as the other samples. 
B. Experimental Results 
1. F-Center Density and Allied Phenomena. 
Sample 24-1 showed a definite infrared absorption 
band at approximately 1370 cm- 1 as shown in Fig. (5-l). 
No other bands were evident in the range from 4000 to 
400 cm- 1 • This absorption band fell well within the 
values calculated in section III-A. An extensive 
literature survey was completed and revealed that no 
other band had been encountered before in this region 
for KBr. As a result of previous studies(l6 ) on 
irradiation of solids, the integral of absolute energy 
deposition, EI, can be calculated for each alkali 
halide as a function of depth, D. The results for KBr 
24-1 are shown in Fig. (5-2). Using these values one 
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Fig. (5-2) 
where EI = integral of energy deposited 
(ev/ma/sec/steradian) 
i = source current (ma) 
t = time of irradiation (hours) 
d = distance of sample face to x-ray 
tube target (ern) 
EF = F-center production efficiencies 
(ev/F-center) 
The derivation of Eq. (5-l) was essentially based on 
simple dimensional analysis. Knowing the integral of 
energy deposited and assuming that EF for KBr is 
1700 ev(ZS) one can find the surface F-center density. 
Notice that the density is inversly proportional to the 
distance and proportional to the time. The factor of 
10 7 refers to the fact that the surface density, Ns, 
0 
is calculated for the first 10 A thickness. For KBr 24-1, 
E1 = 0.8405 x 10 12 , i = 40, t = 24 and d = 4.82. The 
0 
concentration in the first 10 A thickness is 
N = 7.33 x 10 2 ° F-centers/cm3 s 
Samples KBr 4-1, 8-1, 12-1, 16.5-1 and 32.5-1 were 
(5-2) 
41 
irradiated and the F-center concentration versus irradia-
tion time is shown in Fig. (S-3). 
The bulk F-center density can be determined from 
Smakula's< 26 ) equation. 
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FIGURE (S-3) 
SURFACE F-CENTER CONCENTRATION VERSUS 
IRRADIATION TIME FOR KBr. Irradiated at 
SO kV x-rays and 40 rnA current. Distance 
from x-ray tube target to surface of 
sample is 4.83 em. Concentration is for 
0 
the 1st 10 A thickness. 
0 .. 
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= 0.87 x 10 17 r 




where W = full width at half maximum (ev) 
f = the oscillator strength, a factor which 
is related to the probability of the 
optical transition producing the 
absorption; 
n = index of refraction of the crystal 
r 
a = absorption coefficient at peak absorption 
max 
(cm- 1 ). 
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(5-3) 
For KBr, F. Luty (2?) found f = 0. 75 and Fowler ( 22 ) has 
nr = E~ = (2.34)~. For the KBr 24-1 sample, optical 
measurements on the Cary-14 gave a = 517 cm- 1 and 
max 
half-width, W = 0. 43 ev. The bulk F-center density was 
found to be 
Nb = 21 x 10 17 F-centers/ cm 3 
The bulk cross section, ~b' is given by 
hence 
The surface absorption coefficient, as, may be found 
using 







where T is the transmittance, as is the surface absorption 
coefficient and d is the effective surface thickness. 
s 
From infrared measurements a d = 0.438. To find d , 
s s s 
recall that in the shallow donor theory, the effective 
Bohr radius may be found by using Eq. (3-20). A 
reasonable value for ds would then be given by a 0 s which 
0 
is 26.6 A. Thus, as = 24.1 x 10 5 cm- 1 , which gives 
44 
cr = 32.9 x 10- 16 cm2 
s 
(5-8) 
Hence, using Eqs. (5-6) and (5-8), 
Comparing this value with the theoretical value in Eq. 
(3-21), theory and experiment are in fair agreement. 
2. Other Alkali Halides. 
Samples NaCl 16-1, CsBr 16-1, KCl 21-1 and KI 24-1 
were found to have the infrared spectra shown in Fig. 
(5-4). Although the band did appear in these alkali 
halides as in KBr, there is a slight shift in their 
respective peak absorbance. Note that KI has two bands 
resolved, one at 1380 cm- 1 and another at 1450 cm- 1 • 
Assumi~g that the simple shallow donor theory holds for 
the surface color centers, and that the absorption peak 
is due to the ground state to first excited state 
transition, then by taking ratios of Eq. (3-9) for KBr 
and another alkali halide, X, the effective mass for 
X may be found from 
45 
FIGURE (5-4)a 
INFRARED SPECTRUM FOR NaC1 16-1 
IRRADIATED IN AIR. 
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INFRARED SPECTRUM OF CsBr 16-1 
IRRADIATED IN AIR. 
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(5-9) 
The symbols in Eq. (5-9) are as defined previously. 
Using Eq. (5-9) and the appropriate constants for KBr 
given in Section III-A, the effective masses for the 
alkali halides are 
(m*/me)CsBr = 0.363 
There are only a few alkali halides which have experi-
mentally determined effective mass values. These are 
measured using cyclotron resonance techniques. ( 22 ) 
Theoretical calculations of effective masses have also 
been done for some alkali halides. Table 5-l gives a 
comparison of effective masses from theory, cyclotron 
resonance experiments, and the surface state experiments. 
Table 5-2 gives the bulk parameters of the alkali halides 
used in this paper. 
3. Surface Effects 
Sample KBr 24-1, even though it was stored in a 
desiccator while not in use, became dull-looking on the 
surface. The sample was then polished slightly on felt 
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TABLE 5-l 
COMPARISON OF EFFECTIVE MASSES 
*a b c *d 
System m or m m m e e e s 
KBr e 0.48 1 e 0.428 ' 0.34f 1.1±0 .1 e 0.36 
NaCl 0.6 0.342 
CsBr 0.363 
KCl e 0.4 , 0.96e 1. 25±0 .12e 0.313 
KI e 0.47 1 c 0.49 , 0.40e 0.67±0.05e 0.417 
a) Band effective mass 
b) Electronic polaron mass 
c) Polaron effective mass 
d) Effective masses for surface color centers 
e) w. B. Fowler, Ed. "Physics of Color Centers" 1 
Academic Press (1968) , p. 34 
f) Reference 23 
TABLE 5-2 
BULK PARAMETERS OF THE ALKALI HALIDES USED IN THIS PAPER 
Cation-Anion Lattice 
Distance a Constant d 
0 b c 0 System (A) e: e:oo (A) Structure 0 
-- --
KBr 3.298 4.90 2.34 6.59 fcc 
NaCl 2.820 5.90 2.34 5.628 fcc 
CsBr 3.720 6.67 2.42 4.29 sc 
KCl 3.147 4.84 2.19 6.28 fcc 
KI 3.533 5.10 2.62 7.05 fcc 
a) M. P. Tosi, Solid State Phys. 16, 1 (1964) 
b) S. Hanssuhl, z. Naturforch 12a, 445 {1957) and R. P. Lowndes, Phys. 
Letters ~~ 26 (1963) 
c) J. R. Tessman, A. H. Kahn, and W. Shockley, Phys. Rev. 92, 890 (1953) 




polishing cloth until the dull appearance disappeared. 
The sample was then immediately examined for its infrared 
spectrum. The spectrometer showed that the 1370 cm- 1 
band had disappeared. Apparently, the band is located 
very near the surface of the irradiated crystal. The 
sample was then placed in the x-ray apparatus and 
irradiated for three hours at 50 kV and 40 rnA. An 
infrared spectrum after the irradiation showed that the 
band had reappeared but was extremely weak. The band at 
1370 cm- 1 had an absorbance of less than 2%, and the 
band disappeared after three more spectral runs lasting 
15 minutes each. Thus, the surface band reacts in a 
similar manner as the bulk F-center when exposed to 
light of the absorption frequency. That is, the infrared 
band seemed to have bleached out just as the F-centers do 
when they are exposed to F-band radiation. However, since 
the sample was exposed to air and warmed by the infrared 
radiation, the structure causing the band may have 
been affected by some decomposition on the surface. The 
sample, KBr 24+3, was left out in air for 15 days during 
which infrared spectra were obtained periodically. No 
change in absorption occurred. Hence, the band is 
definitely due to the irradiation process; it is located 
on the surface of the crystal; and exposing more surface 
(as in polishing) does not create more surface states. 
4. Low Temperature Study. 
Sample KBr 16.5-l was placed in the Cryo-Tip 
refrigerator and the temperature was lowered to -21 K. 
The infrared spectrum of the surface state is shown in 
Fig. (5-5). The visible to near infrared spectrum was 
recorded on the Cary-14, and the near infrared data were 
53 
obtained at slightly higher temperatures, -50 K. The 
complete spectrum is shown in Fig. (5-6) and exhibits the 
relative sizes of the bulk F-band and the surface band 
(labeled S-band). Also included in Fig. (5-6) are the 
aggregate F-center bands which have been studied by 
Warren. {ZS) As the temperature decreased, the absorption 
of the surface band increased and the half-width decreased. 
Both effects are characteristic of the bulk F-center for 
decreasing temperatures. 
5. Polarization and Incident Angle Measurements. 
Sample KBr 16.5-l was placed in the sample holder 
shown in Fig. (4-5) with the AgBr polarizer at the 
polarizing angle of 45° to coincide with the sample 
holder axis. In this position the electric vector is in 
rr - polarization. As the sample was rotated about the 
sample holder axis, a shoulder on the high energy side 
appeared while the central absorption band at 1370 cm- 1 
decreased in intensity. As the sample was turned past 
54 
FIGURE (5-5) 
LOW TEMPERATURE ( ~ 21K) INFRARED SPECTRUM 
OF KBr 16.5-1 IRRADIATED IN AIR. 
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LOW TEMPERATURE (~21K) PLOT OF KBr 16.5 
IRRADIATED IN AIR. The circles and crosses 
represent data at 20K while the deltas 
represent data at 50K. The designations for 
the peaks are the usual ones for color 














































































































































































































































































45°, the shoulder increased in absorption and formed a 
side band. As shown in Fig. (5-7), the main band decreases 
with increasing angle and a new band appears on the high 
energy side at large angles, ~60°. 
Infrared spectra were also obtained on samples NaCl 
16-1 and CsBr 16-1. The results are shown in Figs. (5-8) 
and (5-9). The main band in all three cases appears 
slightly asymmetric towards the high energy side. What-
ever causes the side band must have some contribution 
even at er = 0°. 
C. Discussion of Results 
Theoretically, the surface F-center, using known 
values for the effective mass of KBr, has the principal 
transition (2P to 3D ) energy in the infrared region. 
0 ±l 
The main band experimentally found in KBr, NaCl, CsBr, 
KCl and KI lies in this region and yield reasonable 
effective mass values for these alkali halides. However, 
an important objection is the lack of an indication of 
the higher excited states. Theoretical estimates(S) 
show that the 2P to 4D+ transition has 1/5 the 
0 -1 
probability of the 2P0 to 3D± 1 transition. This factor 
of five is not large enough to disregard the lack of 
excited states. The secondary band cannot be an excited 
state since from Fig. (3-1), for KBr, the next excited 
state is located at 1722 cm- 1 in energy. Experimentally 
57 
FIGURE (5-7) 
ANGULAR DEPENDENCE OF ABSORBANCE FOR KBr 
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-1 . the secondary band is located about 1430 em 1n energy. 
The surface treatment, as explained in Section 
IV-B-3, on one of the samples, KBr 24-1, revealed the 
surface nature of the band; and its subsequent irradiation, 
reappearance and bleaching of the band are characteristic 
of the bulk F-center. A method has been developed for 
calculating the density of surface F-centers. The 
theoretical and experimental ratio of surface to bulk 
-1 
cross sections agree very well for the 1370 em band. 
An objection may be raised that the surface band is 
not nearly as broad as the bulk counterpart. The broad 
nature of the bulk band is due to the large electron-
phonon interaction in the ground state of the F-center. 
The ground state is the lS state and hence the 
electron has a high probability of being at the 
nucleus causing a large interaction. For the surface 
color center, the ground state is a 2P and thus the 
0 
electron has a very low probability of being at the 
potential core allowing for a smaller interaction to 
take place. 
Low temperature data indicate a slight dependence on 
temperature for the surface F-center compared to the much 
stronger dependence of the bulk F-center. With decreasing 
temperatures, the surface band increases and the half-
width decreases in absorption just as the bulk band. 
Finally, polarization and incident angle studies 
showed that a new band appeared on the high energy side 
of the main surface band. This side band increased in 
absorption as the incident angle, 6', increased, while 
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the main surface band decreased in absorption as predict~d 
in surface state theory. However, the surface state 
theory does not explain the appearance of this new side 
band, and therefore, alternative explanations must be 
explored. 
As a check to determine whether an alkali halide 
substrate is necessary for the formation of the infrared 
band a silicon slab, 1.5 mm thick, was irradiated in air 
for 16 hours under the same conditions as the KBr samples. 
An infrared spectrum of the silicon before irradiation 
exhibited the usual bands in the region between 4000 and 
200 crn-1 • An identical silicon crystal was placed in the 
reference beam and the infrared spectrum then obtained 
showed a flat background. After irradiation, the sample 
was placed in the sample beam of the spectrometer, with 
the non-irradiated sample still in the reference beam. 
The spectrum showed that no bands had formed in the 
silicon due to the irradiation. 
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VI. THIN FILMS 
A. Absorption Spectra ?f KBr 
Additional KBr samples were prepared as explained in 
Section IV-A for closer examination of their absorption 
spectra in the infrared. Sample KBr 8-2 was irradiated 
in air at 296 ± 2 K and 49 ± 5% humidity (which corres-
ponds to 10.7 rnm of Hg partial pressure of H20). Angular 
polarization studies were done on the KBr 8-2 sample in 
the Beckman IR-12. The asymmetry of the band was quite 
evident but the second peak at higher energy was not 
resolvable. Fig. (6-1) shows the absorbance as a function 
of incident angle, 8', for both rr - and cr - polarizations. 
The two polarizations exhibit a definite difference in 
absorbance. As the incident angle increases, the 
cr - polarization increases while the rr - polarization 
decreases in absorbance. The results on this sample were 
very reproducible. 
To check reproducibility for different irradiation 
times, a KBr 4-2 sample was prepared and its absorption 
spectra recorded. The double band phenomenon appeared 
and Fig. (6-2) shows the angular polarization results for 
both bands. The 1410 cm- 1 band was so small that nothing 
definite can be said about its behavior. However the 
1370 cm- 1 band shows the same behavior as the KBr 8-2 
sample. Another sample, KBr 2+2-1, which was irradiated 
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FIGURE (6-1) 
ANGULAR POLARIZATION BEHAVIOR OF SURFACE 
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FIGURE (6-2) 
ANGULAR POLARIZATION OF ABSORBANCE FOR 
_l 
THE MAIN SURFACE BAND AT 1370 CM AND 
-1 
THE SIDE BAND AT 1410 CM 





. 06- . 
(1' .... ., 





. 04 w.... __ ... ~ ..... - - -X- ... - - .... - - -
~-- .., ---- ........ ...,.. ..,_ ,......,_ ___ 0 __ ........ 
--o-
-- -"""0--























.04 1410 cm- 1 • 
K- ---------- -x--- -x- -x--x-
.03 ~- ox X o- ---.9------- -




0 10 20 30 
8' 
Fig. (6-2} 
40 50 60 
65 
for two hours on each side, had the angular polarization 
characteristics given in Fig. (6-3). This sample also 
showed the increase in absorbance of a - and decrease in 
absorbance of TI - polarization. A possible explanation 
may be that the irradiation in air is causing active 
nucleation sites to form on the alkali halide surface 
and that the nearby ionized atmospheric constituents are 
attracted to these active sites. If enough of the gas is 
attracted to the surface, a thin film may eventually form 
giving rise to the polarization behavior. 
B. Environmental Studies 
To test the hypothesis of thin film formation on the 
alkali halide surface, the vacuum chamber pictured in 
Fig. (4-6) was used. A schematic diagram of the 
evacuation system is given in Fig. (6-4). After a fresh 
KBr sample was cleaved, the sample was placed in the 
vacuum chamber and the roughing pump started. The system 
was baked out overnight at 80 C. After attaining a 
-7 
vacuum of 7 x 10 torr, the chamber, while still under. 
vacuum, was disconnected from the evacuation system and 
placed in the x-ray chamber for eight hours. An infrared 
spectrum taken immediately after irradiation showed that 
no band formed. Hence the atmospheric gases were 
definitely necessary for the formation of the band. This 
sample, KBr 8-vac, was then removed from the vacuum cell 
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FIGURE (6-3) 
ANGULAR POLARIZATION OF ABSORBANCE FOR 
-1 
THE MAIN SURFACE BAND AT 1380 CM 
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SCHEMATIC DIAGRAM OF VACUUM SYSTEM. (A) 
vacuum cell (sample holder), (B) manometer, 
(C) cold trap, (D) the gas used, (E) vac-ion 
pump, (F) roughing pump, (G) vac-ion gauge, 





and exposed to air for three days. During this period 
infrared spectra were recorded with no significant changes. 
Next, a KBr sample was cleaved and placed in the 
vacuum system. The sample chamber was baked for 12 hours 
at a temperature of 80 C. Then, after obtaining a 
-7 
vacuum of 8 x 10 torr, the KBr sample was exposed to 
water vapor. Instead of a gas cylinder and cold trap 
(C and D in Fig. 6-4) a 50 ml bulb filled with distilled 
H20 was used as the water vapor source. After the 
pressure attained an equilibrium pressure of 25 rnrn Hg in 
the sample chamber, the chamber and the water vapor 
source were disconnected from the rest of the system and 
placed in the x-ray chamber. The KBr sample was irradiated 
for 8 hours, then, with the water vapor source removed, 
an infrared spectrum was obtained yielding the angular 
polarization result shown in Fig. (6-5). The main band 
reappeared at 1385 cm- 1 and again exhibited the opposite 
absorption behavior for TI - and a - polarizations. Hence 
H2 0 is definitely part of the atmospheric gases which 
give rise to the infrared band for KBr. The asymmetry of 
the main band on the high energy side showed up but the 
second band was not resolvable. 
It is possible that the high energy x-rays are 
ionizing the water vapor, so H2 gas was chosen as the next 
atmospheric constituent with which to irradiate the 
sample. Another KBr crystal was cleaved, baked and 
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FIGURE (6-5) 
ANGULAR POLARIZATION OF ABSORBANCE FOR 
SURFACE BAND AT 1385 CM- 1 • The sample 
is KBr 8-H 0-1 irradiated under 25 rom 2 
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. -7 
evacuated unt1l a vacuum of 7 x 10 torr was achieved. 
Then the cold-trapped hydrogen gas was allowed in the 
vacuum chamber to a pressure of one atmosphere. After 8 
hours of irradiation at 50 kV and 40 rnA, the KBr 8-H 
2 
sample was placed in the spectrometer while still under 
an atmosphere of hydrogen. A very small band appeared at 
-l 
1390 em but was less than 3% in absorbance. Angular 
polarization studies were impossible to obtain. 
The next experiment used oxygen as the e~vironmental 
gas. Preparing a KBr sample as before, an attempt was 
made to obtain an atmosphere of oxygen in the sample 
chamber. However, too much oxygen liquified through the 
cold trap causing a fast pressure build up that resulted 
in cracking the infrared windows in the vacuum chamber .• 
The experiment was continued with irradiation of the KBr 
sample, still in the chamber, for 8 hours. The infrared 
spectrum had two resolved bands as shown in Fig. (6-6). 
Both bands exhibited the angular polarization dependence 
found on previous samples as shown on Fig. (6-7). To 
check on crystal orientation dependence, the sample's 
surface was placed normal to the incoming radiation. 
Then it was rotated about the normal in five degree 
intervals from 0 to 90°. No orientation dependence 
was observed. Another KBr sample was successfully 
irradiated for 8.5 hours under one atmosphere of 0 2 • 
However, no absorption appeared in the 1300 to 1500 cm- 1 
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FIGURE (6-6) 
INFRARED SPECTRUM OF DOUBLET FOR KBr 
8-0 -1 IRRADIATED IN 0 (PRESSURE UNKNOWN) 
2 2 
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FIGURE ( 6- 7 ) 
ANGULAR POLARIZATION OF ABSORBANCE FOR 
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region. Apparently, the previous sample, KBr 8-0 2 -1 had 
water vapor in the system from the cracked windows giving 
rise to the absorption bands. A small doublet, however, 
did appear at higher energies. The doublet for the KBr 
8~5-0 2 -2 sample was no more than 5% in absorption as shown 
in Fig. (6-8). No angular polarization dependence was 
discernable. Thus, the infrared absorption of irradiated 
KBr has shown a strong dependence on water vapor, weak 
dependence on hydrogen (both in the region between 1300 
and 1500 cm- 1 ) and a weak dependence on. oxygen (between 
-1 2300 and 2400 em ). 
C. Transverse-Optical and Longitudinal-Optical 
Absorptions 
(3) D. w. Berreman, in 1963, showed that there exists 
an optically active longitudinal-optic as well as 
transverse-optic mode at long wavelengths in thin films 
of cubic crystals. The longitudinal-optic mode had 
previously been undetected due to the fact that it 
absorbs only when the incident radiation is not normal 
to the surface. Previously only Raman scattering and 
indirect experimental methods have served to determine 
the longitudinal-optic mode frequency. 
Physically, there are four modes which might be 
possible. First, a longitudinal-optic mode with wave-
vector, k, and ion motion perpendicular to the surface of 
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FIGURE (6-8) 
INFRARED SPECTRUM OF KBr 8.5-0 2 -2 





















the thin film. Second, a transverse-optic mode with wave-
vector parallel and ion motion perpendicular to the 
surface. Third, a longitudinal-optic mode with wave-
vector and ion motion parallel to the surface of the thin 
film. Fourth, a transverse-optic mode with wavevector 
perpendicular and ion motion parallel to the surface of 
the film. See Fig. (6-9). 
The TO mode with wavevector parallel to the surface 
(#2 in Fig. 6-9) may be eliminated for both polarizations. 
For 0 - polarization, the exciting electric field is 
perpendicular to the dipole in the thin film and there is 
no interaction. For rr - polarization, since energy 
• • (JJ d t conservat~on requ~res K h = - an momen urn conserva-p anon c 
tion requires Kphonton sinB' = Kphonon · w~th Kphoton 
then absorption occurs only when B' = rr (grazing 
2 
incidence) . 
The LO mode with wavevector parallel to the surface 
(~3 in Fig. 6-9) is equivalent to the bulk LO mode which 
is optically inactive. 
The remaining LO and TO modes are both optically 
active. (The LO and TO modes referred to in the future 
will be #1 and #4 respectively as in Fig. 6-9). The LO 
mode is inactive for 0 - polarization since the electric 
field is always perpendicular to the ion motion. For 
rr - polarization, the electric field interaction is 
zero for e• = 0, and increases as the incident angle 
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FIGURE (6-9} 
POSSIBLE TO & LO MODES AS EXPLAINED IN TEXT. 
S is substrate. d is the thickness of 
the thin film which is much smaller than 
















































































resulting in an absorption. The TO mode is optically 
active for a - polarization since the electric field 
is aligned with the ion motion. In rr - polarization, 
however, the interaction decreases with increasing 
incident angle. 
Berreman found that the absorbance, A, is 






bsin 2 8' 
= acose' + 
case' 









In these expressions, the complex dielectric constant is 
given by s = s +is.. The factor, a, is related to the 
r ~ 
film thickness by 
(j 
21T = dv 
where d is the film thickness (em) and v the energy 
-1 (em ) • 
1. Experimental Comparison. 
(6-5) 
A freshly cleaved KBr sample was placed in the 
vacuum chamber and pumped down to 7 x 10- 7 torr. Gaseous 
77 
nitrogen was cold-trapped into the chamber to one 
atmosphere of nitrogen pressure. The sample chamber 
was then valved off and irradiated for eight hours. Two 
peaks were resolved on infrared analysis with the main 
- 1 1 band at 1370 em , and the side band at 1390 em- as 
78 
shown in Fig. (6-lOl -1 The 1370 em band is compared with 
the theoretical angular polarization results from 
Berreman in Fig. (6-11). -1 The 1370 em band represents 
the TO active mode (see i4 in Fig. 6-9). The 1390 cm- 1 
band represents the LO mode {#1 in Fig. 6-9) should not 
~xist ~or a - polarization. For ~ - polarization, the 
· LO mode should increase in absorbance as the incident 
angle increases. Fig. (6-12) shows experimental results 
for the 1390 cm- 1 band. It exists for both polarizations, 
exhibiting the same type behavior for ~ - polarization 
as the 1360 cm- 1 band but rather erratic behavior for 
~ - polarization. -1 Hence the 1390 em cannot be the LO 
mode and cannot be explained in terms of the LO-TO mode 
theory. Analysis of the previous KBr spectra in atmosphere 
and water vapor yields effectively the same results. 
2. Discussion of Results. 
The main bands found in irradiated KBr in atmospheric 
-1 gases all occur in the vicinity of 1370 em The band 
exists for both TI - and ~ - polarizations. The absorbance 
increases for a - and decreases for ~ - polarization with 
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FIGURE (6-10) 
INFRARED SPECTRUM OF KBr 8.5-N -1 IRRADIATED 
2 
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COMPARISON OF BERREMAN'S THEORY FOR THE 
-1 
TO MODE WITH THE 1370 CM BAND OF THE 
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FIGURE ( 6-12) 
ANGULAR POLARIZATION OF ABSORBANCE FOR 
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increasing incident angle just as in Berreman's work. 
A secondary band also occurs when certain atmospheric 
gases are present. It does not disappear for cr -
polarization as is indicated in the LO theory. 
Another difficulty arises when the film thickness, 
D, is calculated. For the KBr 8.5-N -1 sample the calculated 
2 
0 
film thickness is D = 800 A, using Berreman's approxima-
tion. The film thickness for the other samples are of 
the same order of magnitude or higher. This is an 
exceptionally thick film, and it is difficult to explain 
the process of formation of such a thick film with 
atmospheric gases like water vapor and nitrogen. 
D. Adsorbed Molecules on the Surface 
A possible explanation for the angular polarization 
behavior is adsorbed molecules on the dielectric substrate. 
Brown, (29 ) had modified a simpler problem given in 
Radiation and Optics by John M. Stone. ( 30) Specifically, 
the transmittance and reflectance were found for the 
interface between free space and an adsorbing, aniso-
tropic medium in which the dielectric constant normal 
to the surface is not equal to that parallel to the 
surface. Classically, this represents electrons which 
are assumed to oscillate more (less) freely parallel 
to the surface than perpendicular to it. The electrons 
are also assumed to oscillate with equal ease in any 
direction parallel to the surface. 
If there are adsorbed molecules on the surface due 
to the irradiation of the gas, the molecules may be 
bound more (less) tightly in the parallel direction than 
in the perpendicular direction. Since the molecular 
bonds would be of a weak nature, infrared excitation 





Using conservation of energy, the transmittances may also 
be obtained. The z-axis is perpendicular to the crystal 
surface, and e is the angle of incidence. The parameter 
n 0 is the ordinary refractive index (referring to mo·tion 
parallel to the surface) ; Ez is the dielectric constant 
~ perpendicular to the surface- hence, Ez = ne , where ne 
is the extraordinary refractive index. Since there can 
be absorption in both the parallel and perpendicular 
direction at the surface, both n and n (also E ) are 
o e z 
complex quantities. 
A computer program was developed to use the 
experimental infrared data on angular polarization 
results of KBr to find a best fit. This will give the 
83 
optimum values for the refractive indices n 0 and ne 
as well as the absorption constants K0 and Ke. 
Although the model gave results qualitatively 
comparable to the· angular polarization dependences in 
the surface band (see Fig. 6-13), the fit to the data 
was poor. Note that the index of refraction in the 
surface of the crystal is not an unreasonable value 
(n = 2.08). The absorption constant is small but 
0 
-1 
reasonable (a= 60 em ). 
E. Absorbing Film on a Transparent Pielectric 
Substrate 
The angular dependence of absorption for both 
polarizations may be explained by referring to Born and 
Wolf's bookon cptics. (3l) They derived, in a rigorous 
fashion, the transmittance and reflectance of an 
absorbing film on a transparent dielectric substrate. 
Berreman's results are very thin film and small angle 
approximations to Born and Wolf's equations. Since 
the expressions for the transmittance and reflectance 
are quite complicated, involving com~lex computations 
with transcendental functions, they were programed 





ADSORBED MOLECULE RESULTS FOR ANGVLAR 
POLARIZATION OF ABSORBANCE. Theory 
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The transmittance, T, is given by 
n cose 
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(6-18) 
For ~ - polarization the factor n 3 cos8 3/n 1cos8 1 must be 
replaced by (cos8 3/n 3 )j(cos8 1/n 1 ). For cr- polarization, 
Eqs. (6-10) to (6-13) are used and also 
(2n cose ) 2 1 1 
t 2 = 12 (n cose +u ) 2+; 2 
( 6-19) 
1 1 2 2 
and 4(u 2+v 2) 
2 2 
t 2 = (6-20) 23 (n cose +u )2+v 
3 3 2 2 
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For TI - polarization, Eqs. (6-14) to (6-17) are used 
and also 
T 2 = 
1 2 
and 
T 2 = 
2 3 
[n 2 (1-K 2)cos6 +n u ] 2 +[2n 2 cos6 + n v ] 2 
2 2 112 2K 1 12 
2 
( 6-21) 
4n 2 (u 2 +v 2 ) 
3 2 2 
[n u +n 2 (1-K 2 )cose ] 2+[n v +2n 2K cose ] 2 32 2 2. 3 32 2 2 3 
(6-22) 
The geometry of the thin film is shown in Fig. (6-14). 
The complex refractive index, n , for the absorbing film, 
2 
is given by 
n = n (l+iK ) . (6-23) 
2 2 2 
For convenience 
A 
n cose = u +iv (6-24) 
2 2 2 2 
The angles ¢ 12 and ~ 3 are the phase changes at the first 
and second interfaces, respectively. The parameters of 
interest are 
nl = refractive index of first material 
n2 = refractive index of absorbing film 
n 
3 




GEOMETRY OF THIN FILM. 
I Ill 
ABSORBING FILM 





K = extinction index for the film 
2 
-1 
w = absorbing frequency (em ) 
0 
0 
D = film thickness (A) 
Since the first material is air and the substrate is KBr, 
then n = 1.0 and n = 1.53. From infrared analysis w0 1 3 
is determined. Thus n , K and D are the unknown 
2 2 
parameters which must be varied. The program determined 
90 
the angular polarization dependence of the absorption for 
the film. Figs. (6-15) to (6-19) exhibit the results for 
increasing thicknesses, D, while varying the refractive 
index (n) and absorption constant (K ). Concentrating 
2 2 
0 
on a 100 A film thickness, a best fit was found for the 
-1 1370 ern line for the KBr 8.5-N-1 sample. The results 
2 
shown in Fig. (6-20) exhibit excellent agreement between 
0 
experiment and theory. The film thickness of 100 A is a 
0 
far more satisfactory value than the 800 + A thicknesses 
found with Berreman's approximations. Using the rigorous 
equations of Born and Wolf naturally increased the 
accuracy and removed the large discrepancy between the 
experimental and theoretical behavior of a - polarization. 
Note that Born and Wolf's result gave an index of 
refraction of 2.1 compared to the adsorbed molecule model 
value of 2.08. However, the absorption constant, a, was 
an order of magnitude smaller in the adsorbed molecule 
model than in the thin film results of Born and Wolf. 
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FIGURE (6-15) 
BORN AND WOLF'S TREATMENT FOR KBr WITH 
1370 -1 1. 0, 2.0, w = em . nl = n2 = 0 
-1 0 
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FIGURE (6-16) 
BORN AND WOLF'S TREATMENT FOR KBr WITH 
w = 
0 
1370 em -1 n1 = 1. 0, n2 = 2.0, 
-1 0 




























BORN AND WOLF'S TREATMENT FOR KBr WITH 
1370 -1 1.8, w = em . nl = 1. 01 n2 = 0 
-1 0 
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BORN AND WOLF'S TREATMENT OF KBr WITH 
-1 
w = 1370 em nl = 1. 0' n2 = 1.51, 0 
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BORN AND WOLF'S TREATMENT OF KBr WITH 
-1 
w0 = 1370 em n 1 = 1.0, n 2 = 1.56, 
-1 . 0 
























COMPARISON OF BORN AND WOLF'S THEORY 
OF AN ABSORBING THIN FILM WITH EXPERIMENTAL 
RESULTS OF THE 1370 cm- 1 BAND FROM THE 
KBr 8.5-N 2-l SAMPLE. Theory is solid line. 
0 
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= 2.1, n 3 = 1.53, a = 700 em , 
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F. Compound Formation on KBr 
Since KBr, as well as many other alkali halides, 
are hydroscopic, one could argue that compounds are 
being formed on the surface which give rise to the 
infrared bands. The most obvious compounds are KOH, 
KBr0 3 , KN0 2 and KN0 3 • Solutions of these compounds 
were made with KBr as a substrate. The infrared spectra 
showed that only KOH and KNO have bands in the vicinity 
3 
of the surface bands. Their spectra are shown in Figs. 
(6-21) and (6-22). Note that besides the strong absorp-
-1 
tions near 1400 em , there occur other nearly equal 
97 
size absorption bands towards the low energy range. These 
lower bands have never shown up in any of the infrared 
spectra obtained with irradiated KBr or other alkali 
halides. However, the transition probabilities for some 
of the absorption bands may have changed due to the 
surface boundary conditions. 
G. Ionization of Gases 
The vacuum chamber in Fig. (4-6) was modified to 
test the effect of ionization of gases near the surface 
of KBr. Fig. (6-23) shows the modification. The KBr 
sample was prepared as before and the vacuum chamber 
-7 
was evacuated to 7 x 10 torr. Both water vapor and 
nitrogen were allowed in the chamber individually, and 
a Tesla coil served as the source of ionization. 
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FIGURE (6-21) 
INFRARED SPECTRUM OF KOH. 
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INFRARED SPECTRUM OF KNO . 
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MODIFICATION OF ENVIRONMENTAL CELL FOR 
TESLA COIL. (A) shows exterior electrical 
feed through for Tesla coil and (B) shows 
the interior view. 
lOOa 
Fig. (6-23) 
Infrared spectra of the two samples after exposure to 
the ionization showed that no absorption bands were 
formed. If the surface bands are due to just the 
ionization of the gases in the vicinity of the surface 
then perhaps the Tesla coil did not excite the ionized 
molecules enough. 
101 
Two additional KBr samples were prepared and placed 
in the vacuum chamber. A lead foil, 1/8" thick, was 
positioned in front of the sample as shown in Fig. (6-24). 
The x-rays can only pass close to the surface and ionize 
the gases but cannot do any direct damage to the KBr 
surface or form color centers. The first sample was 
irradiated under one atmosphere of water vapor for eight 
hours, and the second sample irradiated for an equal 
length of time under one atmosphere of nitrogen. The 
infrared data for the nitrogen sample is shown in Fig. 
(6-25) ~ The water vapor data was very similar. Note 
that the infrared surface band reappeared. The visible 
spectrum for each sample was then measured on the Cary-14. 
No absorptions occurred in the vicinity of the F-band 
for either sample. Thus the lead shield protected the 
surface of the samples, and yet allowed the gases to be 
ionized under the same conditions as before. Hence, 
ionization alone is sufficient to cause the formation of 
these surface bands. Color centers apparently are 
unnecessary for the production of these bands. I 
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FIGURE (6-24) 
SCHEMATIC OF LEAD SHIELD EXPERIMENT. 
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INFRARED SPECTRUM OF KBr 8-N -1 WHEN 
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VII. SUMMARY AND CONCLUSIONS 
The shallow donor theory applied to surface states of 
F-centers in alkali halides (primarily KBr) has been 
presented. Surface state theory has shown that since the 
ground state is a 2P state, the effective Bohr radius for 0 
0 
the surface atom is large (-13-25 A). This is an 
important requirement in the shallow donor theory. 
Theoretical ratios of the surface to bulk cross sections 
as defined in Section III, for silicon and KBr are in 
good agreement. The experimental ratio of cross sections 
for KBr is in excellent agreement with the theoretical 
value. The theoretical relative increase in effective 
electron radii between the ground and first excited 
states are also in excellent agreement for silicon and 
KBr. For the first time, the experimental F-center 
concentration as a function of depth in the crystal has 
been determined. Surface F-center concentrations are of 
0 
the order of 10 2 ° F-centers/ cm 3 for the first 10 A 
thickness. Experimental values for the effective mass 
of the alkali halides used here have been shown to be 
in reasonable agreement with theoretical values found 
in the literature. Infrared absorption bands in various 
irradiated alkali halides have appeared in the region 
of 1200 to 1800 cm- 1 which coincides with the surface 
state theoretical predictions. The infrared absorption 
band, has been found to reside definitely on the surface 
I 
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and 11 bleach out" if exposed to the surface band irradia-
tion. This "bleaching" process may also be attributed 
to thermal decomposition of the structure giving rise 
to the surface band. This may be due to the water vapor 
in the air and the temperature increase of the sample 
surface by infrared radiation. The half-width and 
absorption of the surface band behave in the same manner 
as the bulk F-center when the temperature decreases from 
300 to 20 K. The bulk half-width decreases by ~45% 
compared to the decrease in surface band half-width of 
~32%. The bulk absorption increases ~71% while the 
surface absorption increases -68%. The electron's wave 
function is maximum at the potential core for the bulk 
ground state {lS) and minimum at the core for the surface 
ground state (2P ) . Hence, the electron-phonon inter-
o 
action is smaller for the surface states, causing a 
sharper surface band. No higher excited states were 
found for absorption band assumed to be the surface 
F-center. Due to the high impurity concentration of 
F-centers on the surface, the single band may be caused 
by impurity conduction. Angular polarization studies 
resolved a second peak which was too near the main 
surface band to be an excited state. The absorption 
data indicate that the main band decreased while the 
side band increased in absorbance as the incident angle, 
8', increased. Only the former behavior is explained by 
the surface state theory. Lack of excited states and 
the angular polarization results of the two bands lead 
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to an attempt to explain the previous data by an alternate 
method. 
Vacuum studies reveal that air was necessary during 
the irradiation process to form the surface band. 
Individual gases such as H2 , N2 , 0 2 and H2 0 were used 
during irradiation with the alkali haldies. The H2 0 and 
N2 runs exhibited strong infrared bands, usually as a 
doublet. The remaining two gases showed weak (<5%) 
absorption; the H2 having a small, broad band in the 
vicinity of the H2 0 and N2 bands, and the 0 2 showing a 
faint doublet at larger energies. Angular polarization 
studies showed that the main and side bands both had 
interesting absorption behavior. As the incident angle 
increased, the absorbance decreased for TI - and increased 
for cr - polarization. Infrared spectra of some compounds 
(KOH, KBr0 3 , KN0 2 and KN0 3 ) made from KBr and the 
previously mentioned gases showed multiple bands in the 
region of interest. However, the spectra of these 
compounds were more complicated than the spectra of the 
irradiated samples. This still doesn't preclude the 
possibility that the irradiation of the gas causes the 
formation of one of the compounds but that the surface 
affects the sel~ction rules for transition probabilities 
reducing the complex spectra to something simpler. It 
I 
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was found that only high energy (~50 kV) x-rays ionizing 
the environmental gas near the dielectric surface was 
necessary to form the surface band. Color center forma-
tion is independent of the surface band. 
A possible explanation for the angular polarization 
behavior was presented. It was considered that the side 
band observed at large e' was the long wavelength 
longitudinal-optic mode as explained by Berreman. The 
main band was thought to be the transverse-optic mode. 
The TO mode behaved essentially as Berreman's theory 
described, but the supposed LO mode failed in the TI -
polarization. According to the results of Berreman, the 
absorption of the TO mode should increase in cr -
polarization and decrease in the TI - polarization as the 
incident angle increases. The main surface band behaved 
in this manner. However, it was shown that the absorption 
of the optically active LO mode should be essentially 
zero for cr - polarization. The side band behaved in 
the same manner as the main band. Thus the LO and TO 
mode theory of Berreman failed to explain the origin of 
these bands. 
The model with the adsorbed molecule on the surface 
failed to give any quantitative results comparable to the 
angular polarization dependences although it did give 
reasonable values for the refractive index. 
The most satisfactory results came from the use of 
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Born and Wolf's treatment of the absorbing film on a 
transparent dielectric substrate. It has been shown that 
the band does lie on the surface and is due to the 
ionization of the some of the constituent gases in air. 
The thin film approach has explained the interesting 
angular polarization dependence of the surface band. 
The thin film formed by the irradiation of gases near 
the surface of the alkali halide crystal has a thickness 
0 
of -100 A, a refractive index of 2.1, and an absorption 
-1 
coefficient of a = 700 em Thus the film can be 
characterized by the refractive index, the thickness, 
the constituents elements, and the absorption. Now a 
model must be developed in the future that would explain 




THIN FILM PROGRAM 
A computer program was written to perform the cal-
culations in section VI-E. The computations were done 
with an IBM 360 computer. The program is included in the 
following pages. A glossary is included which defines the 
Fortran IV notation in terms of the text notation. 
SYMBOL GLOSSARY 












u2' v2 U2, V2 
P12 RH012 
DEFINITION 
refractive index of 
first material 
refractive index of 
film 
refractive index of 
dielectric substrate 
film thickness (A) 
resonant frequency 
in cm- 1 
adsorption constant 
. -1 1.n em 
extinction index of 
film 






Eq. ( 6-2 4) 
Eqs. (6-10) and (6-14) 
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P2a RH023 Eqs. (6-12) and (6-16) 
<1>12 PHI12 phase change 
interface· 
at first 
<1>23 PHI23 phase change at 
second interface 
1'12 1 1'2.3 TAU12, TAU23 Eqs. (6-19). and (6-22) 
R R(IK) reflectance 
T T (IK) transmittance 
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1 DIMENSION FAC{2)1 RH012(2) 1 PHI12(2) I TAU12(2) I 
.RH023 (2) 
2 DIMENSION PHI23(2) 1 TAU23(2) 
3 DIMENSION TP(20,2), RP(20,2} 1 T(20,2), R(2012) 
4 COMMON FNl, FN3, FN2, FK2, DA, FLAMBD 
5 1 FORMAT (6Fl0.0) 
6 2 FORMAT (/I 15X,4HN1 =I FlO .5) 
7 3 FORMAT (5X,4HN3 =,Fl0.5) 
8 4 FORMAT (5X,4HN2 =,F10.5,10X,4HK2 =,F7.5,10X 1 
.7HALPHA =,Fl2.5,1X,6H(CM-l)) 
9 5 FORMAT (5X, 3HD = 1F10.5,1X19HANGSTROMS) 
10 6 FORMAT (5X, 11HFREQUENCY =,F10.5,1X,6HCM-1,//) 
11 7 FORMAT (Fl0.5,4E25.9) 
12 8 FORMAT (2X,5HTHETA 1 17X,7HT SIGMA,l8X,4HT PI, 
.20X, 7HR SIGMA,19X 14HR PI,/} 
13 9 FORMAT (5X,4E25.9) 
14 10 FORMAT (/ 1 5X,'PURE KBR' ,/) 
15 11 FORMAT (15X,'NORMALIZED ABSORPTION',/) 
16 12 FORMAT (2X,'THETA',20X,'A SIGMA',15X,'A PI',/) 







24 WRITE (3,10) 
25 WRITE (3,2) FN1 
26 WRITE (3 13) FN3 
27 WRITE (3,4) FN2 1 FK 1 FA 
28 WRITE (3,5) DA 
29 WRITE { 3 1 6) FLAMBD 
30 CALL BRNWLF (TP ,RP) 
31 WRITE (3,8) 
32 CALL PRNTR(TP ,RP) 
33 DO 600 K=1,10 
34 READ (1,1, END=400) FN1,FN3,FN2,FK2,DA,FLAMBD 
35 DO 300 L=1,10 
36 FK2=FK2+0.0578 
37 FA=FK2*4.*3.141*FLAMBD 
38 31 WRITE (3,2) FN1 
39 · WRITE (3,3) FN3 
40 WRITE (3,4) FN2,FK2 1FA 
41 WRITE {3,5) DA 
42 WRITE (3 16) FLAMBD 
43 WRITE (3,8) 
44 CALL BRNWLF (T 1R) 
45 CALL PRNTR{T 1R} 
46 60 WRITE (3,11) 




































DIMENSION T(20,2), R(20,2) 
DIMENSION FAC(2),RH012(2),PHI12(2) ,TAU12(2), 
.RH023(2) 
DIMENSION PHI23(2) ,TAU23(2) 
COMMON FN 1, FN 3, FN2 1 FK2, DA, FLAMBD 
PI=3.141593 






C DO LOOP OVER THETAl 
70 DTHETA=0.0872665 
71 THETAl=-DTHETA 
























C RHO SUB 12)**2 FORT SIGMA=RH012{1) 
91 FN1C1=FN1*CT1 
92 FNUM=FN1C1-U2 



















































































































































C T SIGMA=T(1),T PI=T(2) 
180 EPOW=EXP(-2.*V2*ETA) 
181 DO 110 K=1,2 
















198 110 CONTINUE 
199 100 CONTINUE 
200 RETURN 
201 END 
202 SUBROUTINE PRNTR (T,R) 
203 DIMENSION T(20,2},R(20,2) 
204 7 FORMAT (F10.5,4F25.9) 
205 THETA1=-5. 
206 DO 200 L=1,19 
207 THETA1=THETA1+5. 
208 WRITE (3,7) THETA1,T(L,1),T(L,2),R(L,L),R(L,2) 
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